Abstract
INTRODUCTION
The continuing organ shortage combined with an expanding transplant waiting list is the main deter minant of death on the waiting list. From UNOS and Eurotransplant data, death on the waiting list stands at 12% and 27% respectively [1, 2] . This has driven the need and usage of the marginal liver or extended criteria organ, a term that encompasses the donor after cardiac death (DCD) liver. DCD liver transplantation has grown exponentially in countries that have utilized this form of donation [3] . Institutionally, DCD donation accounts for over 20% of transplants performed [4] . However, reports of poor patient and graft survival highlight that this is an organ with risks. A number of different factors have been identified as contributing to good outcome after DCD liver transplantation including donor factors of age, cold ischemic time (CIT), warm ischemic time (WIT), donor weight > 100 kg [58] and recipient factors of retransplantation (reTPL), on Intensive Therapy Unit (ITU) at time of transplant or renal dysfunction. Additionally, the use of a low risk DCD into a low risk recipient, can produce a good outcome that is equivalent to donor after brainstem death (DBD) liver transplantation [5] .
Balancing the risk in DCD liver transplantation to achieve good results is still poorly understood and is both subjectively and experience driven. The aim of this study was to identify objective predictive factors for DCD graft loss and to use these factors to develop a donor recipient stratification risk predictive model that could be used to calculate a DCD risk index (DCDRI) score to help in prospective decision making on DCD use.
MATERIALS AND METHODS

DCD practice and definitions
Institutionally the DCD programme started in 2001 and practice has been relatively consistent. In brief, recipient eligibility for DCD liver transplantation is decided at the liver transplant listing multidisciplinary meeting. Recipients offered a DCD liver are typically primary transplants for chronic liver disease (CLD) +/ hepatocellular cancer (HCC). The DCD liver was normally avoided in acute liver failure (ALF) or where a prolonged/ difficult recipient hepatectomy was anticipated such as redo transplantation, young adult extrahepatic biliary atresia or the presence of an extensive portomesenteric venous thrombosis, as it would be anticipated to add to the CIT. Consent specifically for DCD transplantation would be obtained from the recipient.
For procurement a modified super rapid Casavilla technique was used [9] . Withdrawal of the DCD donor would either occur in the anaesthetic room or ITU de pending on donor hospital preference. After declaration of cardiac death, there would be a 5 min stand off before the donor was brought into the operating room, where the donor team would be scrubbed and ready. After making a thoracoabdominal incision, venting of blood would be in the chest, followed in sequence, by aortic cannulation, cross clamp in the chest and then portal/superior mesenteric vein cannulation. Adherence to WIT limits was consistent and a DCD liver would be discarded if the WIT exceeded 30 min [10] . The WIT was defined as the time from systolic of 50mmHg or oxygen saturations of 70%, depending on which agonal donor observation occurred first, to time of aortic cannulation.
Once perfusion had started, the gall bladder would be flushed until clear of bile followed by copious in situ flushing of the bile duct with chilled (4 ℃) normal saline. Topically, sterile crushed ice would then be placed around the organs to be retrieved. For perfusion in situ 4 L (aortic) and 2 L (portal) University of Wisconsin (UW) with 20000 IU heparin/L would be used. Pressure bags would only be used if flow by gravity was not sufficient. Attention to rapid donor hepatectomy was encouraged. On the back bench the portal vein (500 mL), hepatic artery (250 mL) and bile duct (250 mL) would be flushed further with chilled UW. Finally, the organ would be bagged for cold static storage.
Before proceeding with transplant the liver would be assessed on the backbench by the implanting surgeon. A severely steatotic liver on visual inspection would be discarded. If need be, a fresh frozen trucut liver biopsy would be taken to assess degree of steatosis or to exclude donor pathology. DCD liver steatosis > 30% led to nonusage. Implantation technique was typically piggyback with a temporary portocaval shunt. The majority of livers were reperfused via the portal vein. Standard immunosuppression was calcineurin inhibitor (tacrolimus) and steroid based. The cold ischemic time was the time from aortic cannulation in the donor to reperfusion in the recipient. Donor hepatectomy time (dHepT) was from the start of donor aortic perfusion to completion of hepatectomy. Model for endstage liver disease (MELD) was defined as laboratory MELD and exception points have not been applied. The diagnosis of primary ischemic cholangiopathy (PIC) was based on review of biliary imaging by two consultant radiologists that demonstrated diffuse intrahepatic stricturing with no associated hepatic artery thrombosis (HAT).
Patient population and statistical analysis
The data analysed was extracted from a prospectively populated DCD database of a single institute, with a minimum follow up of 2 years (January 2005 January 2013, n = 261). The pediatric age group was ≤ 16 years. The study had full ethical approval in accordance with the declaration of Helsinki. Descriptive statistics were calculated for objective variables of the donor and the recipient, and for the calculated DCDRI score. The developed DCDRI model only included objective donor and recipient data. So subjectively assessed factors, such as liver steatosis were excluded from the analysis and the model. The primary end point was DCD graft loss. Survival analysis was performed using a Cox proportional hazard model and KaplanMeier estimator. Donor and recipient variables were tested independently to assess their uncontrolled effect on DCD graft survival. Significant predictive factors were then further analyzed separately with KaplanMeier and their respective ranges adjusted according to their level of significance. Similarly, primary indication for liver transplant was divided into 3 groups of high, standard and low risk according to their representation on the KaplanMeier survival curves.
For the development of the prediction model, etiology of liver disease was used as first indicator, which was then controlled for selected variables. Variables were added to the Cox regression model using forward selection with a significance level entry set at P = 0.3. Points were given to each variable in proportion to their calculated hazard ratio. WIT threshold was clinically set at 30 min and retained in the model. Using this model, the DCD RI score was calculated for the study DCD cohort (n = 261). The DCD cohort was then stratified according to predicted graft loss risk as defined by the calculated DCDRI score into three risk classes of low, standard and high. Respective predicted graft survivals were then calculated using KaplanMeier. Internal validation of the developed DCDRI score was undertaken by performing a retrospective analysis on an earlier DCD cohort n = 37 (04/200112/2004), the experience of which has been previously published [11] . The receiver operator curve (ROC) and the area under the curve (AUROC) or cstatistic were then calculated to assess the performance of the DCD RI score. The DCDRI ROC curve was also compared to other scoring systems that have been used to predict graft survival after transplant. Statistical analysis was performed using SPSS ® IBM ® Statistics V22.0. Table 1 summarizes the objective donor and recipient variables for the DCD study cohort (n = 261). The mean DCD recipient age was 49.45 ± 15.36 years, of which 15 (5.7%) were ≤ 16 years. The mean DCD donor age was 46.1 ± 17.9 years, of which 18 (6.9%) were in the pediatric age group. Redo liver transplantation (reTPL) was a small component of the DCD programme accounting for 3.4% of activity in the period of study. The DCD liver was only used in a few cases of ALF (1.5%) and split/reduction (2.3%) was uncommon (Table 1 ).
RESULTS
Descriptive statistics for studied DCD transplant population
In the DCD study cohort the incidence of primary non risk indication for transplant (86% graft survival at 5 years) and poorer survival was found when the DCD liver was used in a high risk indication for transplant (64.5% graft survival at 5 years) ( Figure 1 ). Low DCD risk indications for transplant included autoimmune hepatitis (AIH), primary sclerosing cholangitis (PSC), primary biliary cirrhosis (PBC), nonalcoholic steatohepatitis (NASH), hepatitis B virus (HBV) and cholestatic liver disease. The cholestatic low risk indications for transplant encompassed primary familial intrahepatic cholestasis (PFIC), extrahepatic biliary atresia (EHBA) and Crigler Najjar. The standard risk indications for transplant were metabolic diseases that included Wilson's, Hemo chromatosis and Familial Amyloid Polyneuropathy. The high risk indications for DCD transplant were alcohol related liver disease (ALD), HCC, hepatitis C virus (HCV), cryptogenic and Budd Chiari. Survival analysis for these three DCD risk groups as defined by primary indication for transplant is illustrated in Figure 1 (χ 2 5.1 logrank P = 0.066).
In the period of study, the use of DCD for reTPL was rare, 5.7% (n = 9). In the cases that DCD was used for reTPL, there was significantly worse DCD graft survival. At 5 years DCD graft survival in reTPL was 65% compared to 78% when used in primary liver transplant (see Figure   2 for survival curves, χ 2 1.8 logrank P = 0.176). Use of DCD in recipients with higher MELDs ≥ 26 (n = 11) was also found to be associated with worse DCD graft survival (χ 2 3.8 logrank P = 0.05), with a 5year survival of 56% compared to 78%, when used in recipients with a MELD < 25 ( Figure 3 for DCD survival curves according to function (PNF) was 3.4% (n = 9), HAT 5% (n = 13), anastomotic biliary stricture 11.1% (n = 29) and PIC 3.5% (n = 9). Overall, there were 15% (n = 39) deaths and 3.5% (n = 9) retransplants.
Univariate analysis of donor and recipient risk factors for DCD graft loss
Univariate analysis of independent donor and recipient variables was initially performed to determine which variables were associated with DCD graft loss. Recipient variables analyzed were age (rAge), gender (rGender), weight (rWeight), BMI (rBMI), MELD, primary indication for transplant, patient location (home/hospital), reTPL, prior abdominal surgery and ALF/CLD. The donor vari ables analyzed were age (dAge), weight (dWeight), BMI (dBMI), cause of death (COD), sodium, CIT, WIT, liver weight, hepatectomy time (dHepT) and length of ITU stay (see Table 1 ). On univariate analysis, the donor and recipient variables that were found to have a significant effect on DCD graft survival were MELD > 25 (χ 2 3.8 logrank P = 0.05) and dHepT > 60 min (χ 2 4.8 logrank P = 0.028).
The variables that reached the significance level of entry into the forward selection regression model (P = 0.3) were primary indication for liver transplant (χ 2 5.1 log rank P = 0.066), reTPL (χ 2 1.8 logrank P = 0.176) and CIT > 10 h (χ 2 1.1 logrank P = 0.292).
On grouping of survival curves based on primary liver disease indication for transplant, three DCD risk groups were defined of low, standard and high. Better survival was demonstrated when a DCD liver was used in a low MELD). Additionally, the donor hepatectomy time (dHepT) was found to be a determinant of DCD graft survival (χ 2 4.8 logrank P = 0.028), with a dHepT ≥ 60 min associated with early graft loss and a poor 5 year graft survival of 32% (Figure 4 for survival curves according to the dHepT groups). Clinically, the warm ischemic threshold was set at 30 min and the WIT was retained in the DCDRI model, despite not being found significant on univariate analysis, as it is institutionally regarded as a constant variable in determining outcome in DCD transplantation. After serial KaplanMeier analysis the CIT threshold was statistically set at ≥ 10 h (n = 13) and < 10 h (n = 248) (χ 2 1.1 logrank P = 0.292). However, many programmes are more stringent aiming for shorter CIT < 8 h (17) . For the WIT, KaplanMeier analysis produced a cut off value of 25 min (n = 240) that had the lowest P value (χ 2 0.589 logrank P = 0.443) and was the value incorporated into the developed DCDRI model. There was no difference in DCD graft survival bet ween adult (n = 243) and pediatric (n = 18) donors (HR = 0.819, CI: 0.3431.958, P = 0.653). Similarly, there was no difference in DCD graft survival between adult (n = 246) and pediatric (n = 15) recipients (HR = 1.268, CI: 0.3894.132, P = 0.699). Therefore for the developed DCDRI model adult and pediatric age groups have been combined.
Multivariate analysis and defining the DCD-RI score
Using primary indication for liver transplant as the primary indicator adjusted for the identified donor (WIT, CIT, dHepT) and recipient variables (MELD, reTPL) multivariate Cox regression analysis was undertaken. For the DCDRI model points were given to each variable in proportion to the calculated hazard ratio (Table 2) . According to the DCDRI score three DCDRI risk classes were defined, low risk (DCD-RI < 1), standard risk (DCD-RI 24) and high risk (DCDRI > 5). Transplantation with a high risk DCDRI score > 5 produced a 1 year graft survival of 40% and at 5 years 34% ( Figure 5 Breslow pooled over strata P < 0.001).
DCD-RI score internal validation
For internal validation of the developed DCDRI score a retrospective analysis of an earlier DCD cohort 04/200112/2004 n = 37 were undertaken. Table 3 for summary of actual and predicted survival using the DCDRI class subdivision. There was good concordance between actual graft survival and predicted DCDRI survival, with actual graft survival falling within the confidence interval of the DCDRI risk class predicted survival.
DCD-RI ROC and comparison to other predictive models
Based on the DCDRI ROC, a DCDRI score 1.5 cut off had a good positive predictive value (PPV = 0.993). A low risk DCDRI score ≤ 1.5, graft survival was predicted with 99.3% sensitivity and 98.3% specificity. Whereas, with a high risk DCD-RI score > 5, specificity was better than sensitivity ( Figure 6 for DCDRI ROC curve). To determine how the DCDRI score compared to other transplant predictive scoring systems for graft outcome, the DCDRI ROC curve was compared to other systems (see Figure 6 ). Based on the cstatistic (or AUROC) the DCDRI (cstatistic = 0.657) was found to be better than MELD (cstatistic = 0.514) and better than the donor risk index (DRI) (cstatistic = 0.53) in predicting DCD graft loss when applied to the validation cohort.
DISCUSSION
The DCD liver is regarded as an extended criteria donor graft, in terms of the poorer outcomes that have been reported in the literature. Particular, concerns with this organ are the increased occurrence of PNF (0%12%), early graft dysfunction (20%30%), and PIC (15%) that result in the higher rates of graft loss and recipient death [5, 6, 1218] . A large component in determining good results in DCD liver transplantation is the ability to balance risk through judicious matching of the donor and recipient. The aim of this work was to develop a formula, the DCDRI that is valid and easy to apply with readily available objective variables relating to the donor and the recipient to help rationalize this risk balance.
The objective recipient variables that were found to have a significant effect on DCD graft survival were the primary indication for transplant, MELD and reTPL. While from the donor, CIT and hepatectomy time (dHepT) were important. These five variables combined with the fundamental determinant of DCD graft outcome of WIT [7] formed the basis of the developed DCDRI score. According to primary indication for transplant, three DCD risk groups of low, standard and high were defined ( Figure 1 ). By applying this stratification, good graft survival of over 86% at 5 years was found when the DCD liver was used in recipients with low risk indications for transplant of AIH, PSC, PBC, NASH, HBV, and cholestatic diseases that included PFIC, EHBA and Crigler Najjar. While in the standard risk indication for transplant of metabolic diseases that encompassed Wilson's, Haemochromatosis and Amyloid, 5 year sur vival fell by 10%, to 76%. Similarly, 5 year DCD graft survival fell a further 10% to 64%, in the high risk recipient group of HCV, HCC, ALD, cryptogenic and Budd Chiari (Figure 1 ). When MELD was used to define DCD risk, recipients with a MELD ≤ 25 were found to have a graft survival of 76% at 5 years, with survival falling a further 20% in higher MELD recipients. The use of DCD in reTPL was uncommon, accounting for 3.5% of DCD usage and graft survival was poorer (65% vs 78% at 5 years reTPL v primary transplant). Additionally, a donor hepatectomy time over one hour resulted in poor graft survival of 32% at 5 years. Allocating points, to the risk associated with each of these variables produced the DCDRI score (Table 2) . A DCDRI score over 5 was high risk for early graft loss, and predictive for poor long term survival of 34% at 5 years ( Figure 5 ). In order to minimize DCD graft loss, the ideal is to aim for a DCDRI score less than 5, which can be achieved either by minimizing the risk from the donor by selecting/aiming for a short WIT < 25 min, short CIT < 10 h, dHepT < 60 min, or by negating the DCD risk of the donor by selecting a low risk recipient, i.e., MELD < 25, not a reTPL or belonging to the low risk primary indication group for DCD transplant. Internal validation of the DCDRI on an earlier cohort supported the validity of the developed DCDRI score by its ability to accurately predict graft survival for that cohort. Additionally, comparison, of the DCDRI score showed it to out perform other predictive scoring systems such as the DRI and MELD.
Calculating the DCDRI score helps to provide a framework to rationalize some of the risks involved in DCD liver transplantation. However, there are limitations to the data that were used to build the DCDRI scoring system. The transplanted DCD livers whose data was used to design the DCDRI score were already highly selected [10] , automatically introducing bias into the study. By preselecting good quality DCD livers [21] as reflected by young donor age and short ischemic times (cold and warm), the majority (94.6%) of DCD transplants used to develop the DCDRI belong to the low and standard DCD RI score risk classes, while high risk DCDRI transplants (DCDRI score > 5) were rare in the programme. But by being stringent in DCD selection good outcomes can be achieved, comparable to DBD in both the short and long term [22] . Another factor that is well recognized to be a deter minant of outcome in DCD transplantation but was not included in the DCDRI was steatosis. The main reason for exclusion was assessment of liver steatosis by the surgeon is highly subjective [23] and histological assessment of the donor liver preperfusion is not routinely performed in transplant, and is in itself, a subjective assessment. Institutionally, the steatotic (> 30%) DCD liver is not used which may explain why donor BMI and donor liver weight, both surrogate markers of liver steatosis, were not found to have any bearing on graft survival. Neither, donor or recipient age, were included in the DCDRI model as they were not found to be determinants of outcome in the data analyzed. This again reflects institutional practice, which is not to use donor/recipient age on its own, as a reason for DCD non consideration. Therefore, the developed DCDRI has been able to combine adult and pediatric data. However, donor age has been identified in other series as a risk factor for graft failure [18] but older donors can be a valuable source of organs, and the risk from age can be balanced by reducing the risk from an alternative donor or recipient factor(s), e.g., CIT [24, 25] . Other predictive models for outcome after liver transplantation have been explored but they all, as does the DCDRI, have various limitations. The donor recipient index (DRI) considers only donor factors [26] . While, the MELD score, that is the foundation of liver allocation on transplant waiting lists [2729] is a poor predictor of outcome after transplant [30] . A number of other complex models detailing interactions between donor and recipient risk profiles have been developed to predict graft and patient survival after liver transplantation [3039] . But none consider DCD in isolation and it is well recognized, that the DCD liver is a different type of graft in comparison to DBD, and DBD predictors of outcome have not been found to be applicable to DCD [40] . Only one other group has tried to design a DCD prognostic scoring system, admittedly with smaller numbers (n = 81), in adults only and is yet to be vali dated [41] . However, they found similar variables to that of the present DCDRI to be important predictors of DCD graft survival, such as primary indication for transplant, retransplantation, donor warm ischemic time and cold ischemic time (< 6 h). But with their DCD data, unlike the present data, they found recipient BMI (> 30) and donor HBV core antibody status influenced DCD graft outcomes. They did not consider donor hepatectomy time.
In conclusion, the developed DCDRI score helps to rationalize and balance the risk between the donor and the recipient in DCD liver transplantation, in order to achieve good graft survival. To determine the true utility of the system it will need to be prospectively validated in other large volume DCD programmes.
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Background
In Liver Transplant programmes in the West, there is a reliance on cadaveric donors over living related. The availability of cadaveric organs is insufficient to meet transplant need. Therefore, more marginal cadaveric organs have to be used, one such organ, is the donor after cardiac death (DCD) liver. However, this is a high risk organ and difficult to use with good results, most of which depends on subjective experience driven knowledge. The aim of this work was to create a scoring system using pre transplant objective data points from the donor and recipient to rationalize this risk.
Research frontiers
There is a lack of data on how to achieve the balance of risk between objective clinical variables from the DCD liver and selected recipient to produce good results. The present work aims to address this lack of information.
Innovations and breakthroughs
The DCD Risk Index (DCD-RI) score that was developed using objective variables from the donor and recipient was able to predict graft loss and DCD-RI class predicted graft survival.
